Janus kinases (JAKs) are cytoplasmic tyrosine kinases critical for signaling by growth hormone (GH) and many other ligands that bind to members of the cytokine receptor superfamily. SH2-B␤ was previously identified as a JAK2-interacting protein that is tyrosyl phosphorylated in response to GH and other cytokines that activate JAK2. In this study, we examined whether SH2-B␤ alters the activity of JAK2. SH2-B␤, when coexpressed with JAK2, significantly increased the tyrosyl phosphorylation of JAK2 and multiple other cellular proteins and stimulated the kinase activity of JAK2 by Ϸ20-fold. Coexpression of SH2-B␤ with JAK2 dramatically increased tyrosyl phosphorylation of signal transducer and activator of transcription (Stat)5B and Stat3, physiological substrates of JAK2. SH2-B␤(R555E) with a defective Src homology 2 domain was unable to stimulate JAK2 and JAK2-mediated tyrosyl phosphorylation of Stat5B and Stat3. More importantly, SH2-B␤ enhanced GH-induced tyrosyl phosphorylation of endogenous JAK2 and ligandinduced tyrosyl phosphorylation of Stat5B by endogenous JAK2. In contrast, SH2-B␤ did not potentiate the activation of other tyrosine kinases including the receptors for plateletderived growth factor, epidermal growth factor, or nerve growth factor (TrkA), tyrosine kinases that also bind SH2-B␤. These data demonstrate that SH2-B␤ is a potent cytoplasmic activator of JAK2 and is thereby expected to be an important cellular regulator of signaling by GH and other hormones and cytokines that activate JAK2.
Members of the Janus kinase (JAK) family of tyrosine kinases (JAK1, JAK2, JAK3, and Tyk2) play a critical role in cellular responses to growth hormones (GH) and the many other ligands that bind to the receptors in the cytokine receptor superfamily (1) . On ligand binding, one or more of the JAKs is activated, which in turn phosphorylates multiple cellular proteins, including the JAKs themselves, the associated cytokine receptors, and the latent cytoplasmic transcription factors, designated signal transducers and activators of transcription (Stats) (2) (3) (4) (5) . Seven Stats (Stat1, 2, 3, 4, 5A, 5B, and 6) have been described to date. On phosphorylation by JAKs of the conserved tyrosine in their C termini, Stats form either homo-or heterodimers, accumulate in the nucleus, bind to their response elements in the promoter of their target genes, and activate the expression of their target genes (4, 5) . This JAK͞Stat pathway plays a pivotal role in the cellular actions of cytokines, which activates JAKs (1, 6) . For example, both GH and prolactin activate JAK2 (7) (8) (9) . The activated JAK2 then tyrosyl phosphorylates and activates Stat1, 3, 5A, and 5B, which in turn stimulate the expression of a variety of target genes (10) (11) (12) (13) (14) . Stat5B is required for many actions of GH (15, 16) , whereas Stat5A plays a pivotal role in the action of prolactin (16, 17) .
Of the 25 or so ligands known to activate JAKs via members of the cytokine receptor superfamily, more than two-thirds activate JAK2. These include GH, prolactin, erythropoietin, granulocyte colony-stimulating factor, IL-3, IL-5, IL-12, granulocyte macrophage colony-stimulating factor (GM-CSF), leptin, thrombopoietin, IFN-␥, and ligands whose receptor includes gp130 (IL-6, oncostatin M, leukemia inhibitory factor, IL-11, cardiotropin, and ciliary neurotrophic factor). Some of these ligands show a marked preference and͞or requirement for JAK2, including GH (7), prolactin, erythropoietin, IFN-␥, IL-3, thrombopoietin, IL-5, and GM-CSF (2, 18) . Deletion of JAK2 by gene disruption causes embryonic lethality (18, 19) , indicating that JAK2 is fundamental for animal development. JAK2-deficient mice lack definitive erythropoiesis in fetal liver, presumably because of a deficiency in response to critical cytokines such as erythropoietin and thrombopoietin (18, 19) . Taken together, these findings indicate that JAK2 plays an essential role in many body functions. Thus, understanding the mechanisms by which JAK2 is regulated is of vital importance.
We previously identified SH2-B␤, an Src homology 2 (SH2) and pleckstrin homology (PH) domain-containing protein, as a JAK2-interacting protein (20) . Three splicing variants of SH2-B, designated ␣, ␤, and ␥, have been described to date (20-23) (K. Nelms, personal communication). The three splicing variants of SH2-B have an identical N-terminal portion of 631 amino acids, which contains a PH domain, an SH2 domain, and multiple proline-rich motifs (20-23) (K. Nelms, personal communication). SH2-B␤ binds via its SH2 domain to tyrosylphosphorylated JAK2 and serves as a substrate of JAK2 (20) . In this study, we show that overexpression of SH2-B␤ dramatically stimulates the kinase activity of JAK2, resulting in a significant increase of tyrosyl phosphorylation of JAK2 and multiple other cellular proteins. Overexpression of SH2-B␤ also enhances GH-induced tyrosyl phosphorylation of endogenous JAK2. The SH2 domain of SH2-B␤ is required for the stimulatory effect of SH2-B␤ on the kinase activity of JAK2. Finally, SH2-B␤ stimulates JAK2-mediated tyrosyl phosphorylation of Stat3 and Stat5B and enhances GH-induced tyrosyl phosphorylation of Stat5B by endogenous JAK2. Our data provide strong evidence that SH2-B␤ is a potent cytoplasmic activator of JAK2 and enhances cytokine signaling via JAK2͞ Stat pathways.
ATP were from Amersham. Polyclonal antibodies to SH2-B␤ (␣SH2-B) were raised against glutathione S-transferase fusion proteins containing the C terminus of SH2-B␤ (20) . Anti-JAK2 antiserum (␣JAK2) was raised in rabbits against a synthetic peptide corresponding to amino acids 758-776 (24) and was used at a dilution of 1:500 for immunoprecipitation and 1:15,000 for immunoblotting. Monoclonal antiphosphotyrosine antibody 4G10 (␣PY) was purchased from Upstate Biotechnology (Lake Placid, NY) and was used at a dilution of 1:7,500 for immunoblotting. Monoclonal antibody against Myc-tag (␣Myc, 9E10), anti-Stat3, and anti-Stat5B were from Santa Cruz Biotechnology and were used at a dilution of 1:100 for immunoprecipitation and 1:1,000 (␣Myc and ␣Stat3) or 1:5,000 (␣Stat5B) for immunoblotting. Monoclonal antiphosphoStat5 (␣pStat5) was from Zymed and was used at 1 g͞ml in immunoblotting.
Plasmids. cDNAs encoding both wild-type murine JAK2 and mutant murine JAK2 in which the critical lysine in the ATP-binding domain is mutated to glutamate (K882E) were previously cloned into a mammalian expression vector and were provided to us by J. Ihle and B. Witthuhn (St. Jude Children's Research Hospital, Memphis, TN). The cDNA encoding full-length rat SH2-B␤ with a Myc-tag at its N terminus was cloned into a mammalian expression vector. Arg-555 in SH2-B␤ was mutated to Glu by using the QuickChange site-directed mutagenesis kit (Stratagene). The sequence of the primer (sense) used in site-directed mutagenesis is: 5Ј-GTCTTCTTGGTAGAACAGAGTGAGACAAGA-3Ј. The mutation was verified by DNA sequencing (Sequenase 2.0; United States Biochemical). Rat GH receptor (GHR) cDNA was from G. Norstedt (Karolinska Institute, Stockholm) (25) . Expression vector encoding platelet-derived growth factor (PDGF) receptor ␤ subunit was provided by A. Kazlauskas (Harvard University, Cambridge, MA). Plasmids encoding Stat3 (26) and Stat5B were from R. Jove (University of South Florida College of Medicine, Tampa, FL) and L. Yu-Lee (Baylor College of Medicine, Waco, TX), respectively.
Cell Culture, Transfection, and Lysis. COS cells were grown in DMEM (supplemented with 1 mM L-glutamine, 100 units͞ml penicillin, 100 g͞ml streptomycin, 0.25 mg͞ml amphotericin, and 10% FCS). 293T cells were grown in DMEM (supplemented as above and with 1 M sodium pyruvate). Cells were transiently transfected by calcium phosphate precipitation (27) and assayed 48 hr after transfection.
Cells were deprived of serum overnight in DMEM supplemented with 1 mM L-glutamine, 100 units͞ml penicillin, 100 g͞ml streptomycin, 0.25 mg͞ml amphotericin, and 1% BSA. The deprived cells were treated for various times with or without GH at 37°C, then rinsed three times with 10 mM sodium phosphate, pH 7.4͞150 mM NaCl͞1 mM Na 3 VO 4 . Cells were solubilized in lysis buffer (50 mM Tris, pH 7.5͞0.1% Triton X-100͞150 mM NaCl͞2 mM EGTA͞1 mM Na 3 VO 4 ͞1 mM phenylmethylsulfonyl fluoride͞10 g͞ml aprotinin͞10 g/ml leupeptin) and centrifuged at 14,000 ϫ g for 10 min at 4°C. The supernatant (cell lysate) was used for immunoprecipitation and immunoblotting. Proteins in cell lysates were quantified by using BCA* Protein Assay Reagent (Pierce).
Immunoprecipitation and Immunoblotting. Cell lysates were incubated on ice with the indicated antibody for 2 hr. The immune complexes were collected on protein A-agarose (50 l) during 1-hr incubation at 4°C. The beads were washed three times with washing buffer (50 mM Tris, pH 7.5͞0.1% Triton X-100͞150 mM NaCl͞2 mM EGTA) and boiled for 5 min in a mixture (80:20) of lysis buffer and SDS͞PAGE sample buffer (250 mM Tris⅐HCl, pH 6.8͞10% SDS͞10% ␤-mercaptoethanol͞40% glycerol͞0.01% bromophenol blue). The solubilized proteins were separated by SDS͞PAGE (5-12% gradient gel unless noted otherwise) followed by immunoblotting with the indicated antibody by using the enhanced chemiluminescence detection system.
In Vitro Kinase Assay. JAK2 was immunoprecipitated with ␣JAK2 from COS cells coexpressing JAK2 with SH2-B␤, SH2-B␤(R555E), or control expression vector. After being washed twice with lysis buffer and twice with kinase buffer (50 mM Hepes, pH 7.6͞5 mM MgCl 2 ͞5 mM MnCl 2 ͞0.5 mM DTT͞100 mM NaCl͞1 mM Na 3 VO 4 ), ␣JAK2 immunoprecipitates were incubated at 30°C for 30 min in 50 l of kinase buffer supplemented with 10 g͞ml aprotinin, 10 g͞ml leupeptin, and 10 Ci [␥-32 P]-ATP. After the in vitro kinase assay, proteins in the reaction mixture were resolved by SDS͞PAGE and visualized by autoradiography.
For quantification, autoradiographs or immunoblots were scanned by using an Agfa ArcusII scanner and FOTOLOOK SA software (Agfa, Mortsel, Belgium). The resulting image was analyzed by using MOLECULAR ANALYST IMAGE ANALYSIS software from Bio-Rad.
RESULTS

SH2-B␤ Stimulates Tyrosyl Phosphorylation of JAK2 and
Multiple Other Cellular Proteins. We have shown previously that SH2-B␤ directly interacts with activated tyrosylphosphorylated JAK2 via the SH2 domain of SH2-B␤ (20) . To determine whether SH2-B␤ regulates the kinase activity of JAK2, we first examined whether overexpression of SH2-B␤ alters tyrosyl phosphorylation of JAK2, because tyrosyl phosphorylation of JAK2 is thought to be a consequence of autophosphorylation and thus an indicator of JAK2 activity (7, 28) . JAK2 was transiently coexpressed with SH2-B␤ in COS cells. Proteins in the cell lysates were resolved by SDS͞PAGE and immunoblotted with antibody to phosphotyrosine. Consistent with our previous report (20) , JAK2 was constitutively activated and phosphorylated on tyrosines when overexpressed in COS cells ( . This SH2-B␤-induced increase in tyrosyl phosphorylation is not caused by a difference in level of JAK2 expression, because an equal amount of JAK2 was expressed in cells transfected with either control plasmid or plasmid encoding SH2-B␤ ( Fig. 1 A Lower, lanes 1 and 2). Tyrosyl phosphorylation of cellular proteins depended on the amount of SH2-B␤ cDNA used in the transfection. By using 2 g JAK2 cDNA, it was detectable at 0.1 g SH2-B␤ cDNA and reached a maximal level at 5 g (data not shown). It also depended on active JAK2, because overexpression of SH2-B␤ alone (Fig.  1C, lane 1 vs. 3) or with kinase-inactive JAK2 (Fig. 1 A, lanes  3 and 4) did not cause an increase in tyrosyl phosphorylation of cellular proteins. These results suggest that SH2-B␤ stimulates the kinase activity of JAK2, resulting in increased tyrosyl phosphorylation of JAK2 and multiple other cellular proteins.
Because SH2-B␤ binds to multiple tyrosine kinases including receptors for nerve growth factor (NGF) (29, 30) , PDGF (22) , and EGF (L.R. and C.C.-S., unpublished data), we examined whether SH2-B␤ also stimulates tyrosyl phosphorylation of these receptor tyrosine kinases. PDGF receptor ␤ subunit was coexpressed with SH2-B␤ in COS cells, and cell lysates were immunoblotted with antibody to phosphotyrosine. When overexpressed, PDGF receptor ␤ subunit was autoactivated and autophosphorylated on tyrosines (Fig. 1B and data not shown). In contrast to what was observed with JAK2, SH2-B␤ did not stimulate tyrosyl phosphorylation of PDGF receptor ␤ subunit or of any other cellular proteins (Fig. 1B) . Similarly, SH2-B␤ overexpressed in COS cells did not enhance EGF-induced tyrosyl phosphorylation of endogenous EGF receptor or of other cellular proteins (Fig. 1C, lanes 2 and 4) , nor did it enhance NGF-induced tyrosyl phosphorylation of the NGF receptor TrkA when SH2-B␤ was stably overexpressed in PC12 cells (29) . These results suggest that the Biochemistry: Rui and Carter-Su Proc. Natl. Acad. Sci. USA 96 (1999) stimulatory action of SH2-B␤ on kinase activity is relatively specific to JAK2. To address whether SH2-B␤ potentiates ligand-induced activation of endogenous JAK2, SH2-B␤ was coexpressed in COS cells with rat GH receptor (GHR). GH binding to GHR is known to activate JAK2. The activated JAK2 is thought to phosphorylate GHR, JAK2 itself, and multiple other cellular proteins, including SH2-B␤, thereby initiating the multiple signaling pathways important for GH action (7, 20, (31) (32) (33) (34) . Cells were treated with 500 ng͞ml GH for 10 min, and JAK2 was immunoprecipitated with antibody to JAK2 and immunoblotted with antibody to phosphotyrosine. Overexpression of SH2-B␤ enhanced GH-induced tyrosyl phosphorylation of endogenous JAK2 by more than 3-fold (Fig. 2, lanes 2 and 4) , suggesting that SH2-B␤ is a potent enhancer of GH-induced activation of JAK2.
The SH2 Domain of SH2-B␤ Is Required for SH2-B␤-Induced Tyrosyl Phosphorylation of JAK2 and JAK2-Dependent Phosphorylation of Other Cellular Proteins. Because the SH2 domain of SH2-B␤ mediates the interaction of SH2-B␤ with tyrosyl-phosphorylated JAK2 (20), we examined whether the SH2 domain of SH2-B␤ is required for its stimulatory effect on JAK2. Within SH2-B␤, the critical Arg-555 within the FLVR motif required for binding of SH2 domains to phosphorylated tyrosines was replaced with Glu. SH2-B␤(R555E) does not bind to tyrosyl-phosphorylated PDGF receptor (22) or TrkA (29) and has a dramatically reduced affinity for tyrosyl-phosphorylated JAK2 compared with wild-type SH2-B␤ (L.R. and C.C.-S., unpublished data). Overexpression of SH2-B␤ with JAK2 in either COS cells (Fig.  3A, lane 2) or 293T cells (Fig. 3B, lane 2) increased dramatically tyrosyl phosphorylation of JAK2 and multiple other cellular proteins, indicating that SH2-B␤-induced activation of JAK2 is not specific to COS cells. In contrast, overexpression of SH2-B␤(R555E) did not promote tyrosyl phosphorylation of JAK2 or of other cellular proteins in either COS cells (Fig.  3A, lane 3) or 293T cells (Fig. 3B, lane 3) , although equal amounts of wild-type SH2-B␤ and SH2-B␤(R555E) were expressed (Fig. 3A Bottom, lanes 2 and 3; Fig. 3B Bottom, lanes  2 and 3) . These results indicate that the SH2 domain of SH2-B␤ is crucial for the stimulatory effect of SH2-B␤ on JAK2.
SH2-B␤ Stimulates the Kinase Activity of JAK2. To provide more direct evidence that SH2-B␤ stimulates the kinase activity of JAK2, wild-type SH2-B␤ or SH2-B␤(R555E) was coexpressed with JAK2 in COS cells, JAK2 was immunoprecipitated with antibody to JAK2, and the kinase activity of JAK2 was assessed by an in vitro kinase assay by using [␥-32 P]-ATP. Coexpression of wild-type SH2-B␤ with JAK2 stimulated the autophosphorylation of JAK2 by more than 20-fold (n ϭ 3) (Fig. 4, lanes 1 and 2) . SH2-B␤ coimmunoprecipitated with JAK2 and was phosphorylated in vitro by JAK2 (Fig. 4, lane 2) . As expected, coexpression of SH2-B␤(R555E) with JAK2 did not stimulate the kinase activity of JAK2 (Fig. 4, lane 3) . These results show that SH2-B␤ is a strong activator of JAK2.
SH2-B␤ Stimulates JAK2-Mediated Tyrosyl Phosphorylation of Stat5B and Stat3. Because SH2-B␤ stimulates JAK2, we hypothesized that SH2-B␤ would also stimulate phosphorylation of JAK2 substrates. To test this hypothesis, Stat5B was coexpressed in COS cells with JAK2 and either SH2-B␤ or SH2-B␤(R555E). Stat5B was immunoprecipitated with antibody to Stat5B and immunoblotted with antibody to phosphotyrosine. Expression of wild-type SH2-B␤ significantly enhanced (Ϸ3-fold) tyrosyl phosphorylation of Stat5B (Fig. 5A  Upper, lanes 1 and 2) . In contrast, overexpression of SH2- (Fig. 5A Lower) . Coexpression of wild-type SH2-B␤ also reduced significantly the mobility of Stat5B (Fig.  5A Lower, lane 2) . The multiple forms of Stat5B have been shown to be caused by differential phosphorylation of Stat5B on serines͞threonines and tyrosines (35) . When Stat5B was coexpressed with kinase-inactive JAK2, tyrosyl phosphorylation of Stat5B was not detectable even when wild-type SH2-B␤ was coexpressed (Fig. 5A, lane 5) , suggesting that SH2-B␤ stimulation of tyrosyl phosphorylation of Stat5B requires kinase-active JAK2.
To provide further evidence that SH2-B␤ stimulates phosphorylation of JAK2 substrates, we examined the effect of SH2-B␤ overexpression on tyrosyl phosphorylation of Stat3. As with Stat5B, Stat3 was tyrosyl phosphorylated when coexpressed in 293T cells with wild-type JAK2 (Fig. 5B, lane 1) , but not with kinase-inactive JAK2 (Fig. 5B, lane 4) . Coexpression of wild-type SH2-B␤ with JAK2 and Stat3 increased JAK2-mediated tyrosyl phosphorylation of Stat3 by more than 4-fold (Fig. 5B, lane 2) . SH2-B␤(R555E) only slightly increased tyrosyl phosphorylation of Stat3 (Fig. 5B, lane 3) . Taken together, our data show that SH2-B␤ stimulates JAK2-mediated tyrosyl phosphorylation of Stat proteins and that the SH2 domain of SH2-B␤ is critical for that phosphorylation.
SH2-B␤ Enhances GH-Induced Tyrosyl Phosphorylation of Stat5B. From the above results, we predicted that SH2-B␤ would stimulate ligand-induced signaling events downstream of JAK2. We therefore examined whether SH2-B␤ stimulates ligand-induced tyrosyl phosphorylation of Stat5B. Stat5B was coexpressed in COS cells with GHR and either wild-type SH2-B␤ or SH2-B␤(R555E). Cells were stimulated with 50 ng͞ml GH for 15 min. Stat5B was immunoprecipitated with antibody to Stat5B and immunoblotted with antibody to phosphotyrosine. As reported previously (35) , GH stimulated tyrosyl phosphorylation of Stat5B, presumably via endogenous JAK2 (Fig. 6A, lanes 3 and 4) . Coexpression of SH2-B␤ increased GH-induced tyrosyl phosphorylation of Stat5B by more than 5-fold (n ϭ 3) (Fig. 6A, lanes 5 and 6) . Interestingly, coexpression of SH2-B␤(R555E) also slightly but reproducibly increased tyrosyl phosphorylation of Stat5B (Fig. 6A, lanes 7  and 8) , suggesting that SH2-B␤ may have a second function in GH signaling other than simply activating JAK2. Without exogenous coexpression of GHR, GH was unable to stimulate tyrosyl phosphorylation of Stat5B (Fig. 6A, lanes 1 and 2) , indicating that GH-induced tyrosyl phosphorylation of Stat5B is mediated by GHR. We also examined whether overexpression of SH2-B␤ enhances GH-induced phosphorylation of Stat5B on Tyr-699 that has been shown to be phosphorylated in response to cytokines and is required for the nuclear translocation and transcriptional activation of Stat5B (4, 36) . Proteins from cell lysates were immunoblotted with antibody that specifically recognizes Stat5B phosphorylated on Tyr-699. Overexpression of SH2-B␤ increased the amount of Stat5B phosphorylated on Tyr-699 in response to GH (Fig. 6B, lane  2 vs. 4) . SH2-B␤ also enhanced GH-induced tyrosyl phosphorylation of Stat5A and prolactin-induced tyrosyl phosphorylation of Stat5B and Stat3 (data not shown). These results indicate that SH2-B␤ stimulates JAK2͞Stat pathways in response to ligands that activate JAK2.
DISCUSSION
In this study, we report that SH2-B␤ is a potent activator of JAK2 and potentiates cytokine-induced activation of JAK2͞ Stat pathways. These conclusions are supported by multiple findings. First, SH2-B␤ has been shown to interact directly with JAK2 in response to GH at endogenous levels of GHR, JAK2, and SH2-B␤ (20) . Second, coexpression of SH2-B␤ dramatically increases tyrosyl phosphorylation of ectopically expressed JAK2 and many other cellular proteins. Third, SH2-B␤ stimulates the kinase activity of JAK2 by more than 20-fold when coexpressed with JAK2. Fourth, overexpression of SH2-B␤ increases GH-induced tyrosyl phosphorylation of endogenous JAK2. Fifth, SH2-B␤ enhances JAK2-mediated tyrosyl phosphorylation of Stat5B and Stat3, physiological substrates of JAK2. Sixth, SH2-B␤ significantly enhances GH-and prolactin-induced tyrosyl phosphorylation of Stat5B, Stat5A, and Stat3 by endogenous JAK2. In support of an activating role of FIG. 4 . SH2-B␤ stimulates the kinase activity of JAK2. COS cells were cotransfected with plasmid (4 g) encoding JAK2 and either control plasmid (10 g) or plasmid (10 g) encoding SH2-B␤ or SH2-B␤(R555E). Forty-eight hours after transfection, proteins (600 g) in the cell lysates were immunoprecipitated with ␣JAK2. ␣JAK2 immunoprecipitates were subjected to an in vitro kinase assay followed by autoradiography. The stimulatory effect of SH2-B␤ on the kinase activity of JAK2 requires the SH2 domain of SH2-B␤. The SH2 domain of SH2-B also appears to be sufficient to activate JAK2 (L.R. and C.C.-S., unpublished work). The SH2 domain of SH2-B␤ was shown previously to be essential for the high-affinity interaction of SH2-B␤ with activated JAK2 and other tyrosylphosphorylated tyrosine kinases including PDGF receptor and TrkA (20, 22, 29) . These results suggest that high-affinity binding of SH2-B␤ via its SH2 domain to phosphotyrosinecontaining motif(s) in JAK2 may stabilize JAK2 in a conformation that has greater kinase activity. Alternatively, binding of SH2-B␤ to JAK2 may release an inhibitor(s) from JAK2. However, a stimulatory effect of SH2-B␤ on JAK2 activity was not detected when bacterially produced glutathione Stransferase (GST)-SH2-B␤ was incubated in vitro with JAK2 immunoprecipitated from COS cells or 3T3-F442A cells (data not shown). This observation raises the possibilities that factor(s) in addition to SH2-B␤ are required for SH2-B␤-promoted activation of JAK2, or that SH2-B␤ stimulates JAK2 indirectly. Alternatively, a posttranslational modification of SH2-B␤ such as phosphorylation, which is not present in GST-SH2-B␤, may be required for the stimulatory effect of SH2-B␤ on JAK2, and͞or the experimental conditions used in these in vitro assays may not have allowed SH2-B␤ and JAK2 to interact appropriately. Experiments are under way to differentiate between these possibilities. SH2-B␤ did not stimulate tyrosyl phosphorylation of the receptors for PDGF and EGF and NGF receptor TrkA, suggesting that the stimulatory effect of SH2-B␤ on kinase activity may be relatively specific for JAK2 and not shared by all tyrosine kinases that interact with SH2-B␤. The absence of a stimulatory effect of SH2-B␤ on tyrosyl phosphorylation of these other receptor tyrosine kinases, despite its ability to bind to these receptors and be phosphorylated on tyrosines, serines, and͞or threonines in response to ligand stimulation of these receptors, suggests that SH2-B␤ may serve functions in addition to its activation of JAK2. Several observations are in agreement with this idea. SH2-B has been shown to be required for NGF-induced neuronal differentiation of PC12 
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Biochemistry: Rui and Carter-Su Proc. Natl. Acad. Sci. USA 96 (1999) cells (29) and NGF-mediated axonal growth and survival of primary sympathetic neurons (30) . SH2-B␤ has been shown to associate with multiple other proteins in response to PDGF, indicating that it acts as an adapter or scaffolding protein for PDGF signaling (22) . Different ligands stimulate tyrosines and serine͞threonine phosphorylation of SH2-B␤ to significantly different extents (20, 22, 29) , suggesting that different ligands may use SH2-B␤ in different signaling pathways. In this study, although SH2-B␤(R555E) is unable to stimulate the kinase activity of JAK2 when coexpressed with JAK2 in COS cells, it still enhanced GH-induced tyrosyl phosphorylation of Stat5B, but to a lesser extent than wild-type SH2-B␤. This result suggests that SH2-B␤ might enhance ligand-induced activation of Stats through multiple mechanisms in addition to activation of JAK2. Although it has now been known for more than 5 years that ligand binding to cytokine receptors present in the plasma membrane can activate JAK2, SH2-B␤ is, to our knowledge, the first cytoplasmic protein to be identified as an activator of JAK2. SOCS-1͞JAB͞SSI-1, the only other cytoplasmic protein found in a yeast two-hybrid system to bind directly to JAK2, was identified as an inhibitor of JAKs (37) (38) (39) . SOCS-1͞JAB͞SSI-1 is a cytokine-inducible gene product that, like SH2-B␤, interacts with JAK2 via its SH2 domain. SOCS-1͞ JAB͞SSI-1 is proposed to act in a negative feedback control loop to regulate signaling by cytokines that activate JAK͞Stat pathways (37) (38) (39) . Our identification of SH2-B␤ as a potent activator of JAK2 suggests that levels of SH2-B␤, its access to JAK2, and its ability to bind to JAK2 will have a significant impact on the degree to which a given ligand will activate JAK2. SH2-B␤ is differentially phosphorylated on tyrosines as well as on serines͞threonines in response to different ligands (20, 22, 29) . It is intriguing to speculate that the different levels of phosphorylation of the different sites in SH2-B␤ affect its ability to stimulate JAK2. If so, SH2-B␤ would provide a powerful mechanism for crosstalk among different cytokines, hormones, and growth factors that regulate cellular kinases and phosphatases.
In summary, we report that SH2-B␤ binds to JAK2 and stimulates the kinase activity of JAK2. SH2-B␤ represents the only cytoplasmic protein known to date that binds to and activates a protein tyrosine kinase. As a result of that activation, SH2-B␤ stimulates tyrosyl phosphorylation of JAK2 and substrates of JAK2, including multiple Stats, and potentiates activation of Stat and other JAK2-dependent pathways in response to GH and presumably other hormones and cytokines that activate JAK2. Thus, the regulation of cellular levels of SH2-B␤ or its availability for binding to JAK2 should provide an important mechanism by which the cell modulates JAK2 activity and thereby its response to cytokine stimulation.
